Introduction
============

Morphine-induced hyperalgesia (MIH) is a type of classic opioid-induced hyperalgesia (OIH) that is characterized by increased sensitivity to noxious stimuli or even a painful response to previously non-noxious stimuli (allodynia) induced by long-time use of morphine ([@b1-mmr-20-02-1113]). It was suggested that paradoxical pain can be elicited by chronic opioid exposure in humans and in animal models ([@b2-mmr-20-02-1113]). Certain neuroplastic adaptations, including increased expression of calcitonin gene related peptide, substance P and various nociceptive receptors, were deemed to be the possible mechanism underlying OIH ([@b3-mmr-20-02-1113],[@b4-mmr-20-02-1113]). The activation of mitogen-activated protein kinase (MAPK) in the central and peripheral nervous systems was indicated to be a possible signaling pathway in morphine-induced neuroplastic adaptations by a series of findings from different laboratories ([@b4-mmr-20-02-1113]). Extracellular signal-regulated protein kinase 1/2 (ERK1/2), a member of the MAPK family, serves an important role in OIH by being activated by self-phosphorylation and mediating the synthesis and expression of downstream neuropeptides. The phosphorylated form of ERK1/2 (p-ERK1/2) can cause the activation of ERK1/2 and transfer the electrical signal to the nucleus to cause cell damage ([@b5-mmr-20-02-1113]--[@b7-mmr-20-02-1113]).

Cannabinoid receptors, which comprise two subtypes, including CB1 and CB2, belong to the G protein-coupled receptor superfamily and are involved in the modulation of pain sensation ([@b8-mmr-20-02-1113]--[@b10-mmr-20-02-1113]). CB1, which is mainly expressed in the central nervous system (CNS), is considered to mediate the pain sensation of the CNS ([@b11-mmr-20-02-1113]). CB1-knockout mice exhibited reduced locomotor activity and hypoalgesia in hot plate and formalin tests ([@b12-mmr-20-02-1113]). In addition, upregulation of CB1 receptor primarily within the ipsilateral superficial spinal cord dorsal horn was revealed in sciatic nerve injury (chronic constriction injury)-induced hyperalgesia model in rats, which was partially attributed to ERK activation ([@b13-mmr-20-02-1113]). A previous study suggested that the CB1-selective cannabinoid receptor antagonist AM251 completely reversed the peripheral antinociception induced by the µ-opioid receptor agonist morphine but not by agonists of δ- or κ-opioid receptors, which indicated that CB1 is involved in the analgesic mechanism of morphine ([@b14-mmr-20-02-1113]). The CB2 receptor is expressed mainly in the immune system and in hematopoietic cells ([@b15-mmr-20-02-1113]). A previous study indicated that co-administration of a selective CB2 agonist (AM 1241) attenuates chronic intraperitoneal morphine exposure-mediated thermal hyperalgesia and tactile allodynia in rats, which is partially due to attenuated immunoreactivity of the spinal astrocyte and microglial marker and pro-inflammatory mediators interleukin-1β and tumor necrosis factor-α ([@b16-mmr-20-02-1113]). However, the exact association between MIH and CB1/2 in CNS is poorly understood.

Electroacupuncture (EA) has been demonstrated to effectively mitigate hyperalgesia induced by chronic constriction injury (CCI) and cancer pain caused by intraplantar injection of Walker 256 carcinoma cells in rats ([@b17-mmr-20-02-1113],[@b18-mmr-20-02-1113]). In addition, EA combined with a sub-threshold dose of morphine (2.5 mg/kg) enhanced the anti-inflammatory hyperalgesia effect compared with that produced by each component alone in rats, which indicated that there is a synergistic association between EA and morphine in this regard ([@b19-mmr-20-02-1113]). However, whether EA can attenuate the hyperalgesia induced by chronic morphine exposure is still unknown. Another study revealed that EA inhibited zymosan-induced hypernociception in rats. The CB1-selective antagonist AM251 and the CB2-selective antagonist AM630 significantly reversed the antinociceptive and anti-inflammatory effects of EA separately, suggesting that CB1 and CB2 are involved in the mechanism of EA ([@b20-mmr-20-02-1113]).

As mentioned above, ERK1/2, a classic member of the MAPK family, is involved in the mechanism of OIH. However, ERK1/2 is also considered as a mediator between EA effects and CBs ([@b21-mmr-20-02-1113]). In the Freund\'s complete adjuvant-induced hind paw pain model in rats, thermal hyperalgesia and ERK phosphorylation in the ipsilateral dorsal horn of L4-5 segments were inhibited by EA stimulation ([@b22-mmr-20-02-1113]). Notably, nocifensive behavior and activation of ERK1/2 in the lumbar dorsal spinal cord were also observed following intrathecal (IT) injection of a CB1 receptor antagonist, namely AM251, which were both inhibited by IT injection of a MAPK/ERK kinase inhibitor, namely U0126 ([@b23-mmr-20-02-1113]). However, it is unknown whether ERK1/2 is involved in mediating EA\'s effect through CB1/2 in the spinal cord following MIH.

The present study hypothesized that EA could ameliorate MIH and that this effect was partially mediated by CBs via the ERK1/2 signaling pathway. The present study aimed to evaluate the effect of EA on nociceptive behavior, as well as the activation of ERK1/2 and to investigate the effect of CB1 activation or inhibition in regulating the effect of EA via the ERK1/2 activated state in rats undergoing MIH.

Materials and methods
=====================

### Animals

All experimental protocols were approved by the Animal Experimental Ethics Committee of Tianjin Medical University General Hospital (Tianjin, China). A total of 128 adult male Sprague-Dawley rats, weighing 240±20 g each, were obtained from the Laboratory Animal Center of the Military Medical Science Academy (Beijing, China). For 1 week before the experiments, all animals were housed in cages (5 rats per cage) at room temperature (20--22°C) with 30--70% humidity on a 12 h light-dark cycle, were fed a standard diet and had access to water.

### IT morphine delivery

The rats were anesthetized with 3% sevoflurane plus 60% oxygen and catheterizations of the rat spinal subarachnoid space were performed on anesthetized rats 3 days before morphine administration, as described by Yaksh and Rudy ([@b24-mmr-20-02-1113]). Briefly, rats were implanted with a PE-10 polyethylene catheter (8 cm) the lumbar subarachnoid space. Rats with no postoperative neurological deficits following surgery were kept for the experiments. Animals showing neurological dysfunction such as paralysis postoperatively were immediately sacrificed using carbon dioxide. Upon surgery, rats were kept in individual cages for 3 days before morphine administration.

### EA

Rats received EA stimulation (16 rats/group) (2 Hz, 1.5 mA, 30 min) at 20 min after each administration, as described by Yu *et al* ([@b18-mmr-20-02-1113]). Briefly, rats without any anesthetic drug received acupuncture with two pairs of stainless acupuncture needles connected to two pairs of electrodes. Each pair of needles was inserted perpendicularly \~6 mm into the ipsilateral acupoints on the hind legs of the rats. Acupoints were located according to the Zusanli (ST36) and Yanglingquan (GB34) acupoints in humans. In rats, ST36 is located at the proximal 1/5 point on the line from the depression lateral to the patella ligament, while GB34 is located at the depression anterior and inferior to the fibular head ([@b19-mmr-20-02-1113]). A total of 2 non-acupoints were located 0.5 cm horizontal and lateral to the ST36 and GB34 acupoints, respectively, at non-meridian points. A constant electronic pulse (2 Hz, 1.5 mA) was administered by an electroacupuncture stimulator (SDZ-II; Suzhou Medical Appliance Factory, Suzhou, China) which was connected to the other end of the electrodes. When the EA was starting, the current was stimulating from one acupoint (ST36 or GB34) to another nonacupoint. Rats in the control group (n=16) received the acupuncture needles at the same points as the rats in the EA group but without EA treatment. These rats were kept in tubular acrylic holders for 30 min as served as controls.

Experimental protocol
---------------------

### Experiment 1: Effects of EA on MIH

The animals were randomly divided into 3 groups (n=16 rats/group): The control group (C); the chronic morphine group (M); and the morphine + EA at ST36-GB34 group (ME). Animals in the M and ME groups were IT administrated twice with 15 µg (10 µl) morphine at 8 am and 6 pm daily for 8 days. Animals in the C group were IT treated daily with 10 µl saline at the same time as the M group for 8 days. The animals in the ME group received EA stimulation (2 Hz, 1.5 mA, 30 min, two times/day) at the Zusanli-Yanglingquan acupoints (ST36-GB34) 20 min after morphine or saline administration every day. The mechanical withdrawal threshold (MWT; n=8 rats/group) and thermal withdrawal latency (TWL; n=8 rats/group) were determined at baseline (24 h before IT administration, day-1) and at the same time following the second treatment on days 1, 3, 5 and 7 after drug administration. On the 8th day after drug administration, randomized selecting of 6 rats in each group to collect the L~4-6~ segments of the spinal cord for determination of the levels of ERK1/2, p-ERK1/2 and CB1 in the intumescentia lumbalis of the spinal cord (as shown in [Fig. 1](#f1-mmr-20-02-1113){ref-type="fig"}).

### Experiment 2: Role of CB1 on the protective effects of EA against MIH

The CB1 agonist WIN 55,212-2 and antagonist SR141716 were used in this experiment. The animals were randomly divided into 5 groups (n=16 rats/group): i) The C group; ii) the M group; ii) the ME group; iv) the morphine + EA treatment + CB1 agonist WIN 55,212-2 group (MEW); and v) the morphine + EA treatment + CB1 antagonist SR141716 group (MES). Saline, morphine and EA treatment were administered as in experiment 1. WIN 55,212-2 (Cayman Chemical Company, Ann Arbor, MI, USA; 30 µg) ([@b25-mmr-20-02-1113]) and SR141716 (Cayman Chemical Company; 30 µg) ([@b26-mmr-20-02-1113]), which were dissolved in 5% dimethyl sulfoxide (10 µl; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were IT administrated to the MEW and MES groups, respectively, upon morphine administration, followed by 10 µl normal saline. The animals in the C, M and EA groups received the same volume of vehicle in identical conditions. MWT (n=8 rats/group) and TWL (n=8 rats/group) were determined at baseline (24 h before IT administration) and at the same time after the second treatment on days 1, 3, 5 and 7 post-administration. On day 8 after administration, randomized selecting of 6 rats in each group to collect the L~4-6~ segments of the spinal cord to detect the levels of ERK1/2, p-ERK1/2 and CB1 in the intumescentia lumbalis of the spinal cord was performed (as shown in [Fig. 1](#f1-mmr-20-02-1113){ref-type="fig"}).

### Mechanical hyperalgesia

On days 1, 3, 5 and 7 post-administration, 8 rats per group were chosen for the mechanical hyperalgesia test. Mechanical hyperalgesia was assessed using an electronic von Frey filament (BSEVF3; Harvard Apparatus, Holliston, MA, USA), as described previously ([@b18-mmr-20-02-1113]). Animals were placed in individual wire cages (20×20×30 cm) and allowed to acclimatize for 1 h before testing. Mechanical allodynia was determined by calculating the mean value of 3 MWT measurements with an interval of 5 min between each measurement. A cut-off pressure of 60 g was used to prevent tissue damage.

### Thermal hyperalgesia

On days 1, 3, 5 and 7 post-administration, another 8 rats per group (not the same rats that were used to do the mechanical hyperalgesia test) were chosen to do the thermal hyperalgesia test. Thermal hyperalgesia was determined with Intelligence Hot plate equipment (YLS-6B; Zhenghua Biologic Apparatus Facilities Ltd., Co., Hefei, China), as described previously ([@b18-mmr-20-02-1113]). Animals were allowed to habituate to the environment for 1 h before testing. Animals were placed on the hot plate (50°C) until a positive response (a clear paw withdrawal) was observed. The time was then recorded as the TWL. The mean TWL was obtained from the mean value of the 3 measurements of TWL with an interval of 5 min between each. A cut-off time of 30 sec was used to prevent tissue damage.

### Protein analysis by western blotting

Tissues from the lumbar spinal cord (n=6 rats/group) were quickly removed under anesthesia on day 8 after administration and immediately frozen in liquid nitrogen at −196°C. Tissues were homogenized in immunoprecipitation buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing Protease Inhibitor Cocktail (Sigma-Aldrich; Merck KGaA) and centrifuged at 15,000 × g for 5 min at 4°C. Protein concentration was determined by the bicinchoninic acid assay method (Pierce; Thermo Fisher Scientific, Inc.). Equal quantities of protein (30 µg) were used to determine the protein expression of ERK1/2, p-ERK1/2, CB1 and β-actin. Samples were separated using SDS-PAGE (8--10% gradient gels) and then transferred to nitrocellulose membranes. The membranes were blocked with 5% non-fat milk for 1 h at room temperature and incubated with anti-ERK1/2 (1:500; cat. no. 4696; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-p-ERK1/2 antibody (1:500; cat. no. 5726; Cell Signaling Technology, Inc.) or anti-CB1 (1:100; cat. no. ab167366; Abcam, Cambridge, UK) or anti-β-actin antibodies (1:5,000; cat no. A5441; Sigma-Aldrich; Merck KGaA) overnight at 4°C. The membranes were washed with 1X TBS-Tween-20 (TBST) buffer for 30 min and incubated with an horseradish peroxidase conjugated rabbit anti-mouse secondary antibody (1:2,000; cat. no. 58802; Cell Signaling Technology, Inc.) for 2 h at room temperature. The membranes were washed with TBST buffer for additional 30 min and visualized using Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore, Billerica, MA, USA) for 1 min, followed by film exposure for 30 sec to 2 min. The results were analyzed using Quantity One analysis software (version 4.6.7; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Statistical analysis

All data are reported as the mean ± standard deviation. An unpaired Student\'s t test was used if the values had a Gaussian distribution, while Mann-Whitney test was used if values did not have such a distribution, to analyze differences between 2 groups and one-way analysis of variance with Bonferroni comparison was employed to analyze interactions among various groups. P\<0.05 was considered to indicate a statistically significant difference. Significance testing was 2-tailed. Statistical analysis was performed using GraphPad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA) and SPSS statistical software (version 16.0; SPSS, Inc., Chicago, IL, USA).

Results
=======

### EA at ST36-GB34 acupoints attenuates IT MIH

Compared with the control animals (group C), IT administration of morphine (group M) significantly decreased MWT and TWL on days 5 and 7 (P\<0.05; [Fig. 2A and B](#f2-mmr-20-02-1113){ref-type="fig"}), which indicated that the animal model of IT morphine-induced hyperalgesia was successfully established. In addition, compared with the M group, combined EA at ST36-GB34 acupoints (group ME) induced a significant increase in MWT and TWL on days 5 and 7 (P\<0.05; [Fig. 2A and B](#f2-mmr-20-02-1113){ref-type="fig"}), which indicated that EA at ST36-GB34 acupoints significantly reduced the mechanical and thermal hyperalgesia induced by IT administration of morphine.

### Inhibition of the spinal cord ERK1/2 activation and increased expression of CB1 caused by EA at the ST36-GB34 acupoints may be involved in the protective effects of EA against MIH

Compared with the control group (C), repeated IT treatment with morphine did not affect the protein levels of the CB1 receptor in the spinal cord. However, in comparison with the repeated administration of morphine group (M), repeated morphine plus EA raised the expression of the CB1 receptor in the spinal cord (P\<0.05; [Fig. 3A and B](#f3-mmr-20-02-1113){ref-type="fig"}). Furthermore, there was also a significant increase in p-ERK1/2 (P\<0.05; [Fig. 3C and D](#f3-mmr-20-02-1113){ref-type="fig"}) but not in ERK1/2 (P\>0.05; [Fig. 3C and D](#f3-mmr-20-02-1113){ref-type="fig"}) levels in the spinal cord of animals in the chronic morphine (M) group compared with the C group. EA at ST36-GB34 acupoints (ME) induced a significant decrease in p-ERK1/2 (P\<0.05; [Fig. 3C and D](#f3-mmr-20-02-1113){ref-type="fig"}) but not ERK1/2 (P\>0.05; [Fig. 3C and D](#f3-mmr-20-02-1113){ref-type="fig"}) levels compared with the ME group, which indicated that EA stimulation at acupoints attenuated the level of ERK1/2 activation caused by chronic IT administration of morphine.

### IT administration of WIN 55,212-2/SR141716 enhances/attenuates the inhibitory effects of EA on MIH at the ST36-GB34 acupoints

As mentioned above, IT administration of morphine significantly decreased MWT and TWL (P\<0.05 in group M vs. group C; [Fig. 4A and B](#f4-mmr-20-02-1113){ref-type="fig"}). EA at the ST36-GB34 acupoints induced a significant increase in MWT and TWL (P\<0.05 in the ME group vs. the M group; [Fig. 4A and B](#f4-mmr-20-02-1113){ref-type="fig"}). However, compared with the ME group, IT administration of WIN 55,212-2 (group MEW) significantly increased MWT and TWL on days 3--7 (P\<0.05 for MWT on day 3 and TWL on day 7; P\<0.01 for MWT on days 5 and 7 and for TWL on days 3 and 5; [Fig. 4A and B](#f4-mmr-20-02-1113){ref-type="fig"}). Compared with the ME group, IT administration of SR141716 (group MES) significantly decreased MWT and TWL on days 3 to 7 (P\<0.01; [Fig. 4A and B](#f4-mmr-20-02-1113){ref-type="fig"}). These results demonstrated that activation of CB1 significantly enhanced the inhibitory effect of EA on IT morphine-induced mechanical and thermal hyperalgesia at the ST36-GB34 acupoints, while inhibition of CB1 attenuated the inhibitory effect of EA.

### Inhibition of ERK1/2 activation induced CB1 overexpression may enhance the inhibitory effects of EA on MIH at the ST36-GB34 acupoints

There were significant increases in p-ERK1/2 levels in the spinal cord of the animals in the chronic morphine (M) group compared with those in the C group (P\<0.05 M vs. C; [Fig. 5C and D](#f5-mmr-20-02-1113){ref-type="fig"}). These increases were significantly attenuated by EA at the ST36-GB34 acupoints (group ME; P\<0.05; [Fig. 5C and D](#f5-mmr-20-02-1113){ref-type="fig"}). Compared with the ME group, IT administration of the CB1 agonist WIN 55,212-2 combined with EA significantly increased the CB1 levels but decreased the p-ERK1/2 levels in the spinal cord of rats with IT MIH (P\<0.01; [Fig. 5](#f5-mmr-20-02-1113){ref-type="fig"}). On the contrary, there was a significant decrease in CB1 protein level and a significant increase in p-ERK1/2 level in the spinal cord of rats that received IT administration of the CB1 antagonist SR141716 combined with EA (P\<0.05 compared with the ME group; [Fig. 5A](#f5-mmr-20-02-1113){ref-type="fig"}). There was no significant difference in total ERK1/2 levels across all groups (P\>0.05; [Fig. 5C and D](#f5-mmr-20-02-1113){ref-type="fig"}). These results indicated that EA at the ST36-GB34 acupoints may have a protective effect against MIH through upregulating CB1 and downregulating ERK1/2 activation.

Discussion
==========

The present study used a rat model of chronic MIH to investigate the antinociceptive mechanism of EA and to explore the effect of CB1 in this mechanism. The results of the present study indicated that 2-Hz EA at the ST36-GB34 acupoints attenuated MIH, which was accompanied by an increase in CB1 levels and a decrease in p-ERK1/2 levels. The present results also revealed that IT administration of the CB1 agonist WIN 55,212-2 combined with EA at the above acupoints enhanced the antinociceptive effect of EA on MIH and induced an increase in CB1 levels and a decrease in p-ERK1/2 levels compared with administration of EA alone, while the CB1 antagonist SR141716 had the opposite effect. These data indicated that EA at the ST36-GB34 acupoints may have a protective effect against MIH through upregulating CB1 and downregulating ERK1/2 activation.

As a type of Chinese traditional therapy, EA is used to treat various diseases. There is increasing evidence that EA may have clinical potential in attenuating certain types of chronic pain, including adjuvant arthritis, CCI and cancer-associated pain ([@b17-mmr-20-02-1113],[@b18-mmr-20-02-1113],[@b27-mmr-20-02-1113]). Frequency is regarded as an important parameter in EA treatment, with 2, 15 and 100 Hz being the most commonly used frequencies for analgesic therapy. Among these frequencies, 2-Hz EA has been demonstrated to have a better analgesic effect for neuropathic pain; thus, this frequency was selected in the present study ([@b18-mmr-20-02-1113]). The data from the present study revealed that 2-Hz EA at the ST36-GB34 acupoints but not at non-acupoints attenuated mechanical and thermal hyperalgesia caused by IT administration of morphine, which is similar to the findings of previous studies regarding the antinociceptive effect of EA at the ST36 and GB34 acupoints ([@b17-mmr-20-02-1113],[@b18-mmr-20-02-1113],[@b28-mmr-20-02-1113]).

Activation of ERK1/2 within spinal neurons by various peripheral noxious stimulation has been reported to be involved in generating pain hypersensitivity ([@b29-mmr-20-02-1113]). Activation of ERK1/2 induced short-term functional changes by non-transcriptional processing and long-term neuronal plastic changes by increasing the gene transcription of hyperalgesia-associated downstream neuropeptides ([@b30-mmr-20-02-1113]). Furthermore, there are accumulating data about the roles of ERK in mediating the neuronal plasticity that contributes to MIH ([@b4-mmr-20-02-1113]). Previous evidence has suggested that activation of ERK in the spinal cord is implicated in the formation of MIH ([@b7-mmr-20-02-1113],[@b31-mmr-20-02-1113]). It was reported that IT injection of morphine for 7 days induced a remarkable increase in p-ERK1/2 levels in the spinal cord of rats, which contributed to morphine tolerance and associated hyperalgesia ([@b7-mmr-20-02-1113],[@b32-mmr-20-02-1113]). Inhibition of ERK1/2 activation by IT injection of the ERK1/2 inhibitor U0126 or knockdown of spinal ERK1/2 by antisense oligonucleotides attenuated withdrawal-induced mechanical allodynia in rats ([@b31-mmr-20-02-1113],[@b33-mmr-20-02-1113]). Consistent with previous studies, the results of the present study indicated that the p-ERK1/2 levels in the spinal cord significantly increased by IT injection of morphine (15 µg, twice a day) for 7 days in rats with MIH. Recent studies suggested that EA at acupoints attenuated hyperalgesia caused by peripheral noxious stimulation and decreased the activation of ERK1/2 ([@b18-mmr-20-02-1113],[@b28-mmr-20-02-1113]). The results of the present study revealed that, accompanied by attenuated mechanical and thermal hyperalgesia, EA at the ST36-GB34 acupoints induced a decrease in p-ERK1/2 levels in the spinal cord of rats that received IT morphine for 7 days. These data demonstrated that inhibition of ERK1/2 activation is at least partially involved in the EA treatment of MIH.

CB1 is highly expressed in regions involved in pain transmission and modulation, including the majority (76--83%) of nociceptive neurons of dorsal root ganglions, the dorsal horn of the spinal cord, the thalamus and the periaqueductal grey ([@b34-mmr-20-02-1113],[@b35-mmr-20-02-1113]). In the spinal cord, results revealed that CB1 levels were a slightly increased by IT morphine and EA administration could greatly increase the expression of CB1 under IT morphine administration. Upregulation of CB1 partially participated in the antinociceptive effect of EA and CB1 may serve a major role in this process at the level of the spinal cord, which is in agreement with a previous study ([@b36-mmr-20-02-1113]).

As aforementioned, upregulation of the CB1 receptor in the spinal cord was observed in a sciatic nerve injury-induced hyperalgesia model in rats ([@b13-mmr-20-02-1113]). Another study suggested that the CB1 antagonist AM251 completely reversed the peripheral antinociception induced by morphine, which demonstrated that CB1 is involved in the analgesic mechanism of morphine ([@b14-mmr-20-02-1113]). Consistent with earlier studies ([@b13-mmr-20-02-1113],[@b14-mmr-20-02-1113]), the results of the present study revealed that chronic IT injection of morphine significantly increases CB1 protein levels along with the onset of hyperalgesia. In a pain model of L~5~ spinal nerve ligation, intraperitoneal injection of the CB1 agonist WIN 55,212-2 significantly attenuated mechanical hyperalgesia and thermal allodynia, while co-administration of the CB1 antagonist SR141716 but not the CB2 antagonist SR144528 prevented this effect, suggesting that this effect of WIN 55,212-2 is mediated via the CB1 receptor ([@b37-mmr-20-02-1113]). Additionally, CB1 was also considered to be involved in the mechanism of EA treatment. The CB1 selective antagonist AM251 significantly reversed the antinociceptive and anti-inflammatory effects of EA in a rat model of zymosan-induced hypernociception ([@b20-mmr-20-02-1113]). The results of the present study revealed that IT injection of the CB1 agonist WIN 55,212-2 enhanced the antinociceptive effect of EA and induced a significant increase in CB1 protein levels in a rat model of MIH, while IT injection of the CB1 antagonist SR141716 induced the opposite results. These data demonstrated that the CB1 receptor system was partially involved in the mechanism of EA treatment. Various studies have suggested that the ERK signaling pathway is involved in the antinociceptive mechanism of the CB1 receptor system ([@b23-mmr-20-02-1113],[@b38-mmr-20-02-1113]). Katsuyama *et al* ([@b23-mmr-20-02-1113]) demonstrated that IT injection of the CB1 antagonist AM251 induced a remarkable activation of ERK1/2 in the spinal cord along with nocifensive behavior in mice, while the CB1 agonist ACEA and the MAPK/ERK inhibitor U0126 reversed these results. A previous study suggested that the ERK1/2 signaling pathway may be involved in EA pretreatment-induced cerebral ischemic tolerance via the cannabinoid CB1 receptor in rats ([@b21-mmr-20-02-1113]). The results of the present study revealed that the CB1 agonist WIN 55,212-2 combined with EA decreased the p-ERK1/2 levels compared with EA treatment alone, while the CB1 antagonist SR141716 induced the opposite results. These data demonstrated that the enhancement produced by the CB1 agonist WIN 55,212-2 on the effect of EA in attenuating MIH was partially mediated by inhibition of ERK1/2 activation. However, the results of the current study revealed that EA treatment alone increased the CB1 protein levels and decreased the p-ERK1/2 levels in rats with MIH, which indicated that other mechanisms probably participated in the inhibition of ERK1/2 activation.

In conclusion, the present study suggests that EA produces an antinociceptive effect on IT injection of morphine-induced hyperalgesia partially through the inhibition of ERK1/2 activation. Activation of the CB1 receptor induced an enhancement of the EA-mediated antinociceptive effect on MIH partially through regulation of the spinal CB1-ERK1/2 signaling pathway. The current study may contribute to the understanding of the antinociceptive mechanism of EA and developing novel methods for the treatment of MIH.
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![Experimental design. Male Sprague-Dawley rats (weighing 240±20 g each) randomly received C, M or ME treatment. Animals in the M and ME groups were IT administered with 15 µg (10 µl) morphine twice daily at 8 am and 6 pm for 8 days, while animals in the C group were IT treated with 10 µl saline at the same time as the M group daily for 8 days. Furthermore, the animals in the ME group also received EA stimulation (2 Hz, 1.5 mA, 30 min) at Zusanli-Yanglingquan acupoints (ST36-GB34), 20 min after morphine or saline administration every day. In order to verify the key role of CB1, the CB1 agonist (WIN 55,212-2) and antagonist (SR141716) were IT administered, respectively following morphine, while animals in the other groups were injected with the same volume of saline. Mechanical withdrawal threshold and thermal withdrawal latency were determined at baseline (24 h before IT administration, day-1) and at the same time after the second treatment on days 1, 3, 5 and 7 after administration. On the 8th day after administration, the L~4-6~ segments of the spinal cord were collected for determining the levels of ERK1/2, phosphorylated ERK1/2 and CB1 in the intumescentia lumbalis of the spinal cord. IT, intrathecally; EA, electroacupuncture; CB1, cannabinoid receptor 1; ERK1/2, extracellular signal-regulated kinase 1/2; C, control; M, chronic morphine; ME, morphine + EA at ST36-GB34.](MMR-20-02-1113-g00){#f1-mmr-20-02-1113}

![Effects of EA on the behavioral tests of morphine-induced hyperalgesia. On day-1 (1 day before IT administration) and in days 1, 3, 5 and 7 after drug administration, rats received IT normal saline, IT morphine and IT morphine + EA at ST36-GB34. Next, (A) mechanical hyperalgesia and (B) thermal hyperalgesia were evaluated by electronic von Frey filament and hot plate, respectively. Data are expressed as the mean ± standard deviation (n=8 rats/group for mechanical hyperalgesia test and n=8 rats/group for thermal hyperalgesia test). \*P\<0.05 vs. the C group, ^\#^P\<0.05 vs. the M group. IT, intrathecal; EA, electroacupuncture; C, control; M, chronic morphine; ME, morphine + EA at ST36-GB34.](MMR-20-02-1113-g01){#f2-mmr-20-02-1113}

![Effects of EA on CB1, ERK1/2 and p-ERK1/2 expression in morphine-induced hyperalgesia. Spinal cord tissue from different groups was collected 8 days after intrathecal treatment with saline, morphine and EA. (A) CB1, (C) ERK1/2 and p-ERK1/2 levels were detected by western blotting. Quantitative analysis of (B) CB1, (D) ERK1/2 and p-ERK1/2 are shown as the ratio of protein relative density to β-actin. Data are expressed as the mean ± standard deviation (n=6 rats/group). \*P\<0.05 vs. the C group, ^\#^P\<0.05 vs. the M group. EA, electroacupuncture; CB1, cannabinoid receptor 1; ERK1/2, extracellular signal-regulated kinase 1/2; p, phosphorylated; C, control; M, chronic morphine; ME, morphine + EA at ST36-GB34.](MMR-20-02-1113-g02){#f3-mmr-20-02-1113}

![Effects of EA upon administration of WIN 55,212-2 or SR141716 on the behavioral tests of morphine-induced hyperalgesia. On day-1 (1 day before IT administration) and on days 1, 3, 5 and 7 after drug administration in rats that received IT normal saline, IT morphine, IT morphine + EA at ST36-GB34, IT morphine + EA treatment + CB1 agonist WIN 55,212-2 or IT morphine + EA treatment + CB1 antagonist SR141716, (A) mechanical hyperalgesia and (B) thermal hyperalgesia were assessed by electronic von Frey filament and hot plate, respectively. Data are expressed as the mean ± standard deviation (n=8 rats/group for mechanical hyperalgesia test and n=8 rats/group for thermal hyperalgesia test). \*P\<0.05 vs. the C group, ^\#^P\<0.05 vs. the M group, ^\#\#^P\<0.01 vs. the M group, ^&^P\<0.05 vs. the ME group. IT, intrathecal; EA, electroacupuncture; CB1, cannabinoid receptor 1; C, control; M, chronic morphine; ME, morphine + EA at ST36-GB34; MEW, the morphine + EA treatment + CB1 agonist WIN 55,212-2 group; MES, the morphine + EA treatment + CB1 antagonist SR141716 group.](MMR-20-02-1113-g03){#f4-mmr-20-02-1113}

![Effects of EA upon administration of WIN 55,212-2 or SR141716 on CB1, ERK1/2 and p-ERK1/2 expression in morphine-induced hyperalgesia. Spinal cord tissue from different groups was collected 8 days after intrathecal treatment with saline, morphine, EA, WIN 55,212-2 and SR141716. (A) CB1, (C) ERK1/2 and p-ERK1/2 were detected by western blotting. Quantitative analysis of (B) CB1, (D) ERK1/2 and p-ERK1/2 are shown as the ratio of protein relative density to β-actin. Data are expressed as the mean ± standard deviation (n=6 rats/group). \*P\<0.05 vs. the C group, ^\#^P\<0.05 vs. the M group, ^\#\#^P\<0.01 vs. the M group, ^&^P\<0.05 vs. the ME group. EA, electroacupuncture; CB1, cannabinoid receptor 1; ERK1/2, extracellular signal-regulated kinase 1/2; p, phosphorylated; C, control; M, chronic morphine; ME, morphine + EA at ST36-GB34; MEW, the morphine + EA treatment + CB1 agonist WIN 55,212-2 group; MES, the morphine + EA treatment + CB1 antagonist SR141716 group.](MMR-20-02-1113-g04){#f5-mmr-20-02-1113}
